INTRODUCTION
Systematic studies on the genus Streptomyces are complex due to the remarkable taxonomic variation encompassed by this taxon and the absence of recognized minimal standards for the circumscription of new species (Manfio et al., 1995; Hain et al., 1997) . Nevertheless, it is now clear that established and putatively novel streptomycete species need to be based on a judicious selection of genotypic and phenotypic features (Chun et al., 1997; Hatano et al., 1997; Labeda et al., 1997) . Molecular systematic data are proving to be especially useful in determining the boundaries and internal taxonomic structure of the genus (Labeda, 1993 (Labeda, , 1996 Kim et al., 1996 Kim et al., , 1998 Labeda et al., 1997) . Thermophilic streptomycetes grow between 25 and 55 "C. These organisms, which grow quite well at t Present address: OMU Egitim Fakultesi, Biyoloji Bolumu, 55200Atakum-Samsun, Turkey.
50 "C, have been sharply distinguished from mesophilic streptomycetes in numerical phenetic surveys (Goodfellow et al., 1987; O'Donnell et al., 1993) ; they also fall into several distinct evolutionary clades based on 16s rDNA sequence data (Kim et al., 1996 (Kim et al., , 1998 . It is, therefore, apparent that thermophilic streptomycetes form a diverse group and should not be recognized as a single sub-group within the genus Streptomyces as was proposed by Craveri & Pagani (1962) . Streptomyces macrosporus Goodfellow et al. 1987 , Streptomyces megasporus (Krassilnikov et al. 1968) Agre 1983, Streptomyces thermoautotrophicus Gadkari et al. 1990 , Streptomyces thermocarboxydovorans Kim et al. 1998 Goodfellow et al., 1987 are validly described species which contain thermophilic streptomycetes. Additional thermophilic streptomycetes have been assigned to taxa which are not cited in the Approved Lists of Bacterial Names, notably ' Streptomyces thermoflavus' (Kudrina and Maximova 1963) Pridham 1970, ' Streptomyces thermophilus' (Gilbert 1904 (Goodfellow et al., 1987; Kim et al., 1996) . Sahin (1995) isolated large numbers of thermophilic streptomycetes from soil by incubating starch casein agar plates supplemented with cycloheximide and rifampicin, and adjusted to pH 10-5, at 55 "C for 5 d. In a comprehensive numerical phenetic survey of these organisms, representative isolates, which grew between pH 6 and 11.5, formed a distinct aggregate taxon. 
METHODS
Organisms and culture conditions. The strains (Table l) , which were maintained on inorganic salt-starch agar (ISP medium 4, Difco; Shirling & Gottlieb, 1966) at 45 "C and as glycerol suspensions (20 O h , v/v) at -20 "C, were cultivated at 45 "C, unless otherwise stated; they all grow well at this cinnamoneus   ISP 5313T  ISP 5053T  ISP 5581T  ISP 5564T  ISP 5262T   ISP 5084T  ISP 5005T   ISP 5496T  ISP 5449T   ISP 5014T  ISP 5089T   ISP 5004T  ISP 5236T  ISP 5355T   ISP 5221T   ISP 5587  ISP 558gT   R6-554   ISP 5394T   ISP 5445T  ISP 5101T  AT52T  AT37T  ISP 5573T   ISP 5579T   ISP 5443T   ISP 5444T   DSM 40831T  ATCC 49003T  DSM 403 13T  ATCC 23877T  DSM 40581T   ATCC 2543=ST  DSM 43159T  NRRL 241gT  DPDU 0093T   DSM 40496T  ATCC 12309T  NRRL 5729  ATCC 14975T  DSM 40089T  DSM 40716  DSM 40004T  KCTC 9080T  NRRL 2936T  DSM 41449T  DSM 40221T  DSM 41476T  DSM 40587  ATCC 27449T  DPDU 027gT  NRRL 3985  DSM 43460T   DPDU 08 19  DPDU 009gT  ATCC 25495T  ATCC 49173T  IMSNU 21266T  ATCC 25497T  DSM 40445T  ATCC 19812T  DSM 44296T  DSM 44293T  DSM 40573T  DSM 41451T  DSM 40579T  DSM 41392T  DSM 40443T   DSM 40444T  Strain A3(2)  DSM 41007  ISP 5094T  I F 0 3729T  TA56  DSM 41741T  NAR85  DSM 41740   X53168  D63865  X53 163  M27245  X7985 1  X79324  D63868  X53 162  X80824  X53171   X53161  D63867  X80826  D63870  X79852  X79322  x99943  X6 1478  X79854  268099  X79323  268 temperature, which has been used in corresponding studies (Goodfellow et al., 1987; Kim et al., 1996 Kim et al., , 1998 . Biomass for the chemical and molecular systematic analyses was obtained by growing strains in shake flasks (approx. 150 r.p.m.) for 3 d in tryptic soy broth and harvesting by centrifugation. The cells used for the chemical studies were washed in distilled water and freeze-dried ; those required for the molecular systematic investigations were washed in NaCl/EDTA buffer (0.1 M EDTA pH 8.0,O.l M NaCl) and stored at -20 "C until needed.
Morphology and pigmentation. The strains were examined for aerial spore mass colour and spore chain morphology following incubation on inorganic salt-starch agar for 5 d. Soluble pigment production was detected on glucose asparagine agar (ISP medium 5 , Difco; Shirling & Gottlieb, 1966) , and the production of melanin pigments on peptone yeast extract iron agar (ISP medium 6, Difco; Shirling & Gottlieb, 1966) and tyrosine agar (ISP medium 7, Difco; Shirling & Gottlieb, 1966 Fig. 1 . Neighbour-joining tree (Saitou & Neil 1987 ) based on partial 165 rDNA sequences (< 1242 nucleotides) of 48 streptomycetes. f, m and p indicate branches that were also found with the least-squares (Fitch & Margoliash, 1967) , maximum-likeli hood (Felsenstein, 1981) and maximum-parsimony (Kluge & Farris, 1969) algorithms, respectively; the asterisks indicate branches that were recovered with all four methods. The numbers at the nodes indicate the level (YO) of bootstrap support based on a neighbour-joining analysis of 500 resampled data sets; only the values that were over 50% are given. The scale bar indicates 0.01 substitutions per nucleotide position.
namentation of Streptomyces strains NAR85 and TA56 were examined by scanning electron microscopy, as described previously (O'Donnell et al., 1993) .
Degradation and growth tests. The degradation and growth tests (Table 4) were carried out on the strains using the media and methods described by Williams et al. (1983) . Inoculated plates were incubated for 7 d apart from some of the temperature tests. Growth at 10, 15 and 20 "C was examined after 15 d ; the remaining growth tests were read after 7 d.
Chemotaxonomic analyses. The isomeric form of diaminopimelic acid of l l of the strains (Table 1) was determined by TLC of whole-organism hydrolysates on cellulose acetate sheets as described by Staneck & Roberts (1974) . Menaquinones were extracted from dried biomass of S. thermonitrificans DSM 40579T, S. thermovulgaris DSM 40444T and Streptomyces strain TA56, and purified using the preparative TLC procedure of Minnikin et al. (1984) . The purified menaquinones were separated by HPLC using a Pharmacia LKB instrument fitted with a Spherisorb ODS Streptomyces strain TA56. DPG, diphosphatidylglycerol; PE, phosphatidylethanolamine; PE', phosphatidylethanolamine derivative; PI, phosphatidylinositol; PIDM, phosphatidylinositol dimannoside; G, unidentified g I ycol i pi d ; P, unidentified p hos p hot i pi d.
Numbers indicate the order of development. column (5 pm particle size, 250 x 4.6 mm i d . ; Jones Chromatography). Polar lipids extracted from these strains were examined by two-dimensional TLC and identified using published procedures (Minnikin et al., 1984) .
DNA base composition. The base composition of the genomic DNA isolated from S . thermonitrificans DSM 40579T, S. thermovulguris DSM 40444' and Streptomyces strain TA56 was determined by using the reverse-phase HPLC method described by Tamaoka (1994) and the HPLC conditions outlined by Gerke et ul.
( 1 984). The analyses were performed on a Supelcosil LC-18s column (Supelco) with 5 pm particle size and a column dimension of 15 cm x 4.6 mm i.d. Molar G + C ratios were calculated using the methods described by Mesbah et al. (1989) .
Sequencing of genes encoding 16s rRNA. Extraction of genomic DNA and PCR amplification of 16s rDNA from 1 1 of the strains (Table 1 ) were carried out as described previously (Chun & Goodfellow, 1995) . The amplified fragments were purified by gel electrophoresis and sequenced directly by using a Tag DyeDeoxy Terminator Cycle Sequencing Kit (Applied Biosystems) and previously described oligonucleotide primers (Chun & Goodfellow, 1995) . Sequencing gel electrophoresis was carried out and the nucleotide sequences automatically obtained by using an Applied Biosystems DNA sequencer (model 373A) and software provided by the manufacturer.
Phylogenetic analysis. The 16s rDNA sequences were aligned manually with available streptomycete nucleotide sequences (Table 2) retrieved from the Ribosomal Database Project (Maidak et al., 1997) and EMBL/GenBank database by using the ALl6S program (Chun, 1995) .
Evolutionary trees were inferred with four tree-making algorithms, namely, the least-squares (Fitch & Margoliash, 1967) , maximum-likelihood (Felsenstein, 198 l) , maximumparsimony (Kluge & Farris, 1969) and neighbour-joining (Saitou & Nei, 1987) algorithms. Evolutionary distance matrices for the least-squares and neighbour-joining methods were generated as described by Jukes & Cantor lnterna tional Journal of Systematic Bacteriology 49 B. Kim and others (1969) . Phylogenetic trees based on each of the algorithms were generated by using the PHYLIP package (Felsenstein, 1993) . The resultant unrooted tree topologies were evaluated in light of a bootstrap analysis (Felsenstein, 1985) of the neighbour-joining method based on 500 resamplings using the SEQBOOT and CONSENSE programs in the PHYLIP package (Felsenstein, 1993) .
DNA-DNA relatedness studies. Purified DNA was prepared from all of the strains following the procedure described by Mordarski et af. (1976) . The quality of the DNA preparations was checked by taking spectrophotometric readings and by agarose gel electrophoresis of the samples (Sambrook et af., 1989) . DNA relatedness values between strains (Table   3) were determined in duplicated experiments using the nitrocellulose membrane filter technique (Mordarski et af., 1976; Stackebrandt et af., 1981) . High-molecular-mass DNA was denatured by using the alkaline extraction method and immobilized single-stranded DNA was prepared by allowing denatured DNA solutions to filter by gravity or low vacuum through nitrocellulose membrane filters (0.2 pm pore size, Sartorius). Filter discs ( 5 mm) loaded with about 7.5 pg DNA were punched out from the nitrocellulose membranes.
DNA preparations (Table 3) were labelled with deoxy[ 1',2',5'-'H]CTP using a nick translation kit (Amersham). The filter disc preparations were preincubated in 1 x Denhardt's solution at 60 "C for 1-2 h. Overnight hybridization was carried out in 200 pl 3 x SSC solution (Sambrook et af., 1989) containing 35 Yn (w/v) deionized formamide and approximately 50 000 c.p.m. of labelled DNA at 60 "C. The concentrations of SSC and the hybridization temperature were designed to achieve optimal hybridization conditions, that is, 25 "C below the melting temperature assuming that the mean DNA base composition of Streptomyces strains is 70 mol Yn G + C. After hybridization, the nitrocellulose filters were washed in 3 x SSC and thoroughly dried. The amount of bound probe DNA was estimated by scintillation counting and relatedness values expressed as the percentage of probe bound (mean of duplicated hybridizations) relative to the homologous reaction.
Ribotyping. Purified high-molecular-mass DNA (approx. 2-3 pg) was digested with BamHI, SafI and PvuII (Boehringer Mannheim) using 10 units of enzyme per 1 pg of DNA in a 25 p1 volume reaction at 37 "C overnight. The resultant DNA fragments were separated in 20 cm long agarose gels (1 YO, w/v; 5 mm thick) at 40 V for 20 h at room temperature in 1 x TBE (Tris borate/EDTA; Sambrook et af., 1989) buffer. The gels were stained for up to 30 min with ethidium bromide (0.5 pg mlk'), photographed under UV light and transferred to a Hybond-N' nylon membrane (Amersham) by using a standard Southern blotting procedure (Sambrook et al., 1989) , but omitting the depurination step. High-molecular-mass fragments ( > 2 kb)
were UV-nicked for 5 min on a UV transilluminator prior to Southern transfer.
A 7.2 kb DNA fragment containing the 16S, 23s and 5 s portions of the rRNA operon of Streptomyces (coeficofor) violaceoruber DSM 4 1007 (Zakrzewska-Czerwinska, 1989) .was cloned into the SalI site of the pUC18 plasmid, propagated in Escherichia cob JM109 (Promega) and used as 1 he probe. Digoxigenin (DIG) random primer labelling of the rDNA fragment was performed by using a commercial kit according to the manufacturer's instructions (Boehringer IMannheim, 1995). 
RESULTS AND DISCUSSION
Numerical phenetic surveys designed to unravel the complicated taxonomic structure of the genus Streptomyces have yielded conflicting results with respect to members of some of the validly described taxa which contain thermophilic streptomycetes (Williams et al., 1983; Goodfellow et al., 1987; Kampfer et al., 1991) . In particular, the taxonomic standing of S. thermonitrlficans Desai and Dhala 1967 is not clear as the type strain of this species has been reported to share genotypic (Ochi, 1995; Kim et al., 1996) and phenotypic (Goodfellow et al., 1987) properties in common with both S. thermoviolaceus (Henssen 1957) emend. Goodfellow et al. 1987 and S. thermovulgaris (Henssen 1957) emend. Goodfellow et al. 1987 . Similarly, S. thermodiustaticus (Bergey et al. 1923 ) Waksman 1953 has many phenotypic characters in common with S. thermoviolaceus (Henssen 1957) emend. Goodfellow et al. 1987 , including the ability to form spores with small hemispherical warts in spiral chains (Vobis & Henssen, 1983; Goodfellow et al., 1987) . The ultrastructure of the hemispherical warts of S. thermoviolaceus was examined by Vobis & Henssen (1983) who recommended that this type of spore ornamentation be designated ' tuberculate '. The close relationship between S. thermodiastaticus and S. thermoviolaceus is also evident from 16s rDNA sequencing studies (Fig.  1) . DNA-DNA homology studies have been successfully used to resolve the finer taxonomic relationships between such closely related organisms, as it is generally agreed that genomic species should encompass strains which show approximately 70 % or * Data taken from previous studies (Shirling & Gottlieb, 1969 Williams et al., 1983; Goodfellow et al., 1987; Sahin, 1995; Kim et al., 1998). 7 Observed on oatmeal agar.
RF, rectiflexibiles; SP, spirales.
Substrate mycelium is initially yellow but becomes purple after 5 d due to the formation of a diffusible purple pigment. more DNA-DNA relatedness under suitable experimental conditions (Wayne et al., 1987; Stackebrandt & Goebel, 1994; Goodfellow et al., 1997) .
The DNA homology data show that S. thermonitr8cans DSM 40579T and S. thermovulgaris DSM 40444T belong to a single genomic species which is readily distinguished from a corresponding taxon which encompasses S. thermoviolaceus subsp. apingens and S. thermoviolaceus subsp. thermovioluceus (Table  3 ). The type strains of S. thermonitrlficans and S. thermovulgaris share almost identical 16s rDNA sequences (Kim et al., 1996) , have similar ribosomal AT-L30 proteins (Ochi, 1999 , have diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylinositol, phosphatidylinositol dimannosides and unidentified phospholipids as major polar lipids (Fig. 2a) , have octahydrogenated menaquinones with nine isoprene units as the predominant isoprenologue, and G + C-rich DNA (70 and 72 mol %, respectively). The identical ribotype patterns shown by these strains also serve to distinguish them from S . thermodiastaticus International Journal of Systematic Bacteriology 49 B. Kim and others dovorans, using a combination of phenotypic properties (Table 4) . s. thermodiastaticus DSM 40573T was also distinguished from the type strains of the two subspecies of S. thermoviolaceus when genomic digests prepared using PvuII and SalI restriction endonucleases were probed with the 7.2 kb DNA fragment from S. (coelicolor) violaceoruber DSM 41007 (Fig. 4) . However, all three of these strains gave similar banding patterns in the corresponding experiments with BamHT genomic digests, though the profile for the S. thermoviolaceus subsp. therrnoviolaceus strain showed bands with slightly lower molecular masses than those of the S. thermoviolaceus subsp. apingens strain ; these differences may be due to deletions in the DNA near the rRNA operons (Fig. 3) .
The inclusion of S. thermodiastaticus DSM 40573T in the Streptomyces halstedii (Williams et al., 1983) and Streptomyces rochei (Kampfer et al., 1991) numerical phenetic clusters can be attributed to the poor growth of this strain at the incubation temperatures used (25 and 28 "C, respectively), and to test and sampling error (Sneath & Johnson, 1972) . Similar factors probably explain the assignment of S. thermo violaceus DSM 40443T to the Streptomyces aurantiacus (Williams et al., 1983) and Streptomyces graminofaciens (Kampfer et al., 1991) clusters. It can be concluded from the present study that S. thermodiastaticus (Bergey et al. 1923 ) Waksman 1953 and S. thermoviolaceus (Henssen 1957) emend. Goodfellow et al. 1987 continue to merit recognition as validly described species.
All of the thermophilic alkalitolerant isolates (strains A1853, A1956, NT218, TA12, TA26, TA56, TA61, TA123, TA179 and TA265) share a number of phenotypic properties which are consistent with their classification in the genus Streptomyces (Williams et al., 1989; Manfio et al., 1995) . They all formed an extensively branched substrate mycelium, aerial hyphae which differentiated into long chains of spores, and gave whole-organism hydrolysates that were rich in LL-diaminopimelic acid. It is evident from the DNA homology studies that all but one of the thermophilic alkalitolerant representatives of the numerical phenetic clusters recognized by Sahin (1999, namely, Streptomyces strain TA56, showed 90% or more DNA relatedness with reference DNA prepared from S. thermovulgaris DSM 40444T (Table 3) . These organisms also formed a grey aerial spore mass, lacked distinct substrate mycelium pigments, formed spores in spiral chains and were melanin-negative ; all of these properties are typical of bona Jide members of the taxon S. thermovulgaris (Goodfellow et al., 1987 ; Sahin, 1995) . In addition, all of these strains gave the same ribotype pattern as S. thermovulgaris DSM 40444T when BamHI genomic digests were hybridized with the rDNA probe (Fig. 3) .
Streptomyces strain TA56 formed a distinct singlemembered cluster (Sahin, 1995) , albeit one related to phena shown in this investigation to accommodate S. thermovulgaris strains. The 16s rDNA (Fig. 1) and and S. thermoviolaceus (Fig. 3) and underpins the results of an early investigation where S. thermonitriJicans DSM 40579T and s. thermovulgaris DSM 40444T were found to produce similar randomly amplified polymorphic DNA profiles, albeit ones which were markedly different from those generated by S. thermodiastaticus DSM 40573T and S. thermoviolaceus DSM 40443T (Kim et al., 1998) . It is clear from both the present and earlier results that S. thermonitrijicans DSM 40579T and S. thermovulgaris DSM 40444T are members of the same species. It is therefore proposed that S. thermonitrlJicans Desai and Dhala 1967 be recognized as a subjective synonym of S. thermovulgaris (Henssen 1957 ) emend. Goodfellow et al. 1987 . This proposal supersedes an earlier one where it was proposed that S. thermonitrijkans be accepted as a subjective synonym of S. thermoviolaceus (Goodfellow et al., 1987) . It is also clear that the thermophilic alkalitolerant Streptomyces (strains A1853, A1956, NT218, TA12, TA26, TA61, TA123, TA179 and TA265) thermovulgaris DSM 40444T (97.7 %) (Kim et al., 1996 (Kim et al., , 1998 The description is based on data taken from this and an earlier study (Sahin, 1995) . Aerobic, Gram-positive, thermophilic actinomycete with extensively branched substrate and aerial hyphae. Spiral chains of warty surfaced spores are borne on aerial hyphae. The aerial spore mass is grey; neither distinctive substrate mycelium colours nor diffusible pigments are formed. Melanin pigments are not produced on peptone iron agar. Casein, DNA, gelatin, starch, testosterone, Ltyrosine and xylan are degraded, but not adenine, arbutin, elastin, guanine, hypoxanthine or xanthine. Growth occurs between 25 and 55 OC, from pH 6-0 to 11.5, and in the presence of ampicillin (8 pg ml-'), bacitracin (16 pg ml-l), oleandomycin phosphate (1 6 pg ml-l), penicillin G (1 5 international units), rifampicin (1 6 pg ml-l), streptomycin sulphate (4 pg ml-l), tetracycline hydrochloride (1 6 pg ml-l) and tunicamycin (10 pg ml-l). In contrast, growth is inhibited in the presence of gentamicin sulphate (8 pg ml-l), lincomycin hydrochloride (32 pg ml-l), neomycin sulphate (8 pg ml-l), novobiocin (4 pg ml-l), oleandomycin phosphate (32 pg ml-l), polymyxin B phosphate (32 pg ml-l), rifampicin (32 pg ml-l), streptomycin sulphate (1 6 pg ml-l), tetracycline hydrochloride (32 pg ml-'), tobramycin sulphate (32 pg ml-l) and vancomycin hydrochloride (1 6 pg ml-'). The DNA base composition of the organism is 73 mol% G + C . Isolated from tropical garden soil collected by M. Goodfellow in 1991 from Yogyakarta, Central Java, Indonesia. The type strain, TA56 (= DSM 41741) is deposited in the DSMZ, Braunschweig, Germany. DNA relatedness (Table 3 ) data are in good agreement with the results of the numerical taxonomic study. Streptornyces strain TA56 showed its closest 16s rDNA sequence similarity with S. thermovulgaris DSM 40444T (98.9 % or 127 1 out of 1285 nucleotides shared) and a corresponding high DNA relatedness value (Table 3) , though one well below the 70 YO cut-off point used to assign strains to single genomic species (Wayne et al., 1987; Goodfellow et al., 1997) . A number of phenotypic features can also be weighted to differentiate Streptomyces strain TA56 from S. thermovulgaris strains (Table 4) , not least the ability of the former to form warty-surfaced (Fig. 5 ) as opposed to smooth spores. The two strains can also be distinguished by their polar lipid patterns as Streptomyces strain TA56 produced an unidentified glycolipid (anaphthol-and periodate/Schiff-positive) which comigrated with a phosphatidylethanolamine derivative spot (Fig. 2a, b) . Streptomyces strain TA56 and S. thermovulgaris DSM 40444T gave different ribotype patterns when high-molecular-mass DNA from these organisms was digested with BamHI and treated with the rDNA probe prepared from S. (coelicolor) violaceoruber DSM 41007 (Fig. 3) . It is interesting that strain TA56 has octahydrogenated menaquinone with nine isoprene units as the predominant isoprenologue like S. thermovulgaris DSM 40444T and DSM 40579. It is clear from both the genotypic and phenotypic data that Streptomyces strain TA56 is related to, but distinct from, S. thermovulgaris. It can also be differentiated from S. thermoautotrophicus for, unlike the latter, it is not an obligate chemolithoautotroph and does not grow at 65 "C (Gadkari et al., 1990) . Accordingly, the new species Streptomyces thermoalcalitolerans is proposed for Streptomyces strain TA56.
Neutrophilic isolate
The only neutrophilic thermophilic isolate included in this study, Streptomyces strain NAR85, formed a single-membered cluster in the numerical phenetic survey of Sahin (1 995). This taxon formed an aggregate group together with S. thermodiastaticus DSM 40573T and S. thermoviolaceus DSM 40443T. The close association with S. thermodiastaticus was underpinned by the results of the DNA homology studies as strain NAR85 showed 97% DNA relatedness with labelled DNA prepared from S. thermodiastaticus DSM 40573T. This assignment is also supported by phenotypic (Table 4) , ribotyping (Figs 3, 4) and 16s rDNA sequence data. The sequence data show that strain NAR85 is closely related to S. thermodiastaticus DSM 40573T (99.5 % nucleotide sequence similarity) and S. thermoviolaceus DSM 40443T (99.4 %). It is clear from both the genotypic and phenotypic data that strain NAR85 belongs to the species S. thermodiastaticus. Streptomyces strain NAR85 has been deposited in the DSMZ, Braunschweig, Germany, under the accession number DSM 41740.
